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SUMMARY 


The effects of wi-Ne variations of dihedral, vertical- 
tall area, and lift coefficient on lateral stability and 
control and on general flying characteristics have been 
determined by flight tests of a model in the Langley 
free-fllght tunnel. In order to vary the effective dihe- 
di’al and directional stability of the model, the iso- 
metric dihedral angle was varied from -20° to l3° and 
the vertical-tall area, from 0 to 35 percent of the wing 
area. The tests were made over a range of lift coefli- 
cient from 0.5 to 1.8. 

The best general flight behavior v/as obtained when 
the effective dihedral angle was small (approx. 2°), 
Increasing the effective dihedral above 2° caused the 
flying characteristics to become worse because of the 
reduction in oscillatory stability and the increased 
effect of adverse j^awing due to rolling and ailerons. 

As the effective dihedral was decreased to -15^» 
model became Increasingly difficult to fly because of an 
increasing rate of spiral divergence. Increasing the 
directional stability improved the general flight char- 
acteristics by Increasing the oscillatox*y stabiliT:y and 
reducing; the aiverse yawing for positive effective dihe- 
dral angles and by reducing the sideslipping and spiral 
instability for negative effective dihedral angles. 
Increasing the lift coefficient had a slightly detri- 
mental effect on general flight behavior, particularly 
for low values of directional stability. 

It is believed that the results of the tests can be 
interpreted to indicate that an airplane with a wing 
loading less than 55 pounds per square foot and with 
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rolling and yav/ing radii of gyration not ev.ceeding 0.2 

and 0.5 of the wing span^ respectively, will have the 

best general flying: characteristics if the effective 

dihedral is treater than zero but not so groat that the 

value of the effective-dihedral oaraRieter -C7 exceeds 

ip 

one-hciLf the value of the diroctional-st ability 
para^netor Cn^ providing the value of is greater 

than 0.0020. 

TSTRODITC’TION 


Tests of modern military airplanes have indicated 
that large changes in effective dihedral may occur over 
the speed range of an airplane operating under various 
po’wer conditions. This change in effective dihedral maj- 
cause an airplane that has a normal amount of positive 
effective dihedral in the high-speed condition to have 
large negative effective dihedral in a flaps-dovvn, lov;- 
speed, high-power condition (wavc-off or lending-approach 
condition). If an Attempt is madu to satisfy the z^equlre 
ments of reference 1 that tlie airplane have positive 
effective dihedral at all speeds, it may have excessive 
positive effective dihedral in the high-speed condition. 
Negative effective dihedral at low speeds and high posi- 
tive effective dihedr.al at high speeds are known to cause 
poor flying characteristics, Unless the directional 
st.:.bility is very high or some, device is employed that 
Y/ill g.lvs the airplane approximately the same effective 
dihedral at all speeds and power conditions, however, 
most high-powered airplanes miust have poor flying char- 
acteristics at one or the other of the extreme speed, 
conditions or must incorporate some compromise that will 
probably not provide good flying characteristics at 
either extreme condition. 

The data of references 2 to Ij. sho'w the effect of 
variation of effective dihedral angle on the flying 
characteristics. The range of dihedral angle covered in 
these investigations was rather smell in comparison with 
the range of effective dihedral angle that may be encoun- 
tered with modern, higli-powered airplanes. A com-xirehen- 
sive invest ig^at ion of the effects of effective dihedral, 
directional stability, and lift coefficient on lateral 
stability and. control and on general flying character- 
istics has therefore been conducted In the Langley 
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free-f light tunnel. Tne objects of this investigation 
were to deterraine the optimum combinations of dihedral 
and directional stability over a wide range of lift 
coefficient and to provide data that would aid in the 
selection of the proper dihedral angles for airplanes 
that must experience large changes of effective dihedral 
over the speed and power range. The results of the 
Investigation are presented herein. Some of these results 
(negative dihedral at high lift coefficients) are reported 
in reference 5* 

Ihe present Investigation consisted in power-off 
flight tests of a model on which changes in effective 
dihedral were obtained by varying the geometric dihe- 
dral angle. The tests were made over a range of geo- 
metric dihedral angle from -20° to lS° for vertical- tail 
areas from 0 to 55 percent of the wing area and for lift 
coefficients of 0.5* and 1.0 with flaps up and 1.0, l.h, 
and 1.8 with flaps dov/n. Sufficient combindtlons of 
dihedral angle and vertical-tail area v/ere tested at 
each of the lift coefficients to deterrlne the effect of 
dihedral, vert ical-tail area, and lift coefficient on 
lateral stability and control and general flying charac- 
teristics over the range of the variables. 

The results of the flight tests of the xaodel are 
presented in the form of qualitative ratings of the 
spiral stability, oscillatory stability, and general 
flight behavior of the model for each test condition. 

From these qualitative flight ratings the range of good 
flight behavior was established. 


SYTiBOLS 


llae forces and moments are referred to the stability 
axes, which are defined as an orthogonal system of axes 
intersecting at the center of gravity in which the Z-axis 
is in the plane of symmetry and perpendicular to the 
relative wind, the X-axis is in the plane of symimetry 
and perpendicular to the Z-axis, and the Y-axis is per- 
pendjcul-.r to the plane of sytTunetry, A dia»^ram of these 
axes showing the positive direction of forces and m^oments 
is presented as figure 1. 

The symbols and coefficients used in the present 
report are defined as follows : 
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mass of model, slugs 
wing area, square feet 
vertloal-tail area, square feet 
wing span, feet 

free-stream velocity, feet per second 


time to daiiip to one-half amplitude, seconds; nega- 
tive \’-alaes indicate time to increase to double 
a^npli tude 

period of lateral oscillation, seconds 

radius of gyration of model about longitudinal 
axis, feet 

radius of gyration of model about vertical axis, 
feet 

Routh's discriminant 

coefficients in stability quartic equation, given 
in reference 6 

roots of stability quartic equation 

yawing angular velocity, radians per second 

rolling angular velocity, radians per second 

mass density of air, slugs per cubic foot 

angle of sj-desllp, degrees except v;here otherwise 
specif led 

flight-path angle, degrees; positive for climb 

geometric dihedral angle of me an- thickness line, 
degrees 


dynamic pressure, p'^unds per square foot 



airplane relative -density factor ( 

\pSb/ 
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Cj 

Cl 

u 

Cn 

CYr. 






Cnr 




time-conversion factor ( -S_ N 

Vpsvy 

lift coefficient 

lateral-force coefficient |^ fatergl f o rc e ^ 

rolllna-moment coefficient ('RoiliESJaaHai') 

^ qSb A 

yawing-moment coefficient ^ yfiwing^mouien t ^ 

rate of change of lateral-force coefficient with 
angle of sideslip, per radian 

rate of change of rolling -moment coefficient with 
angle of sideslip, per degree except where 

otherwise specified 

rate of change of yawing -moment coefficient with 
angle of sideslip, per degree except v.here 

otherwise specified (bCn/dp^ 

rate of change of rolling-moment coefficient with 
rolling-angular-velocity factor 


rate of change of rolling-moment coefficient witn 

rb\ 

> h ) 


yawing- angul ar- velocity factor 


rate of change of yawing-moment coefficient with 
rolling-angular-velocity factor 

rate of change of yawing -moment coefficient with 
yawing-angular-x’-elocity factor 


APPARATUS -'A^D MODS] 


The investigation was conducted in the Langley free- 
f light tunnel, which is equipped for testing free-flying 
dynamic airplane models. A complete description of the 
tunnel and its operation is given in reference 7* Force 
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tests to determine the static lateral-stability deriva- 
tives of the model vi/ere made on the Langley free-flight- 
tunnel six-component balance, which is described in 
reference 8. This balance rotates in yaw so that all 
forces and moments are measured with respect to the sta- 
bility axes, Pree-oscillation tests were made to deter- 
mine the rot ary- damping derivative by the method 

described in reference 9* 

The control used on f ree-f light-tunnel models is a 
'’flicker" (full-on or full-off) system. During any one 
particular flight the control deflections in the full-on 
position are constant and the ajnount of control applied 
to the model is regulated by the length of time, the con- 
trols are held on rather than by the magnitude of the 
deflections used. 

A three-view drawing of the model used in the tests 
is shown as figure 2 and a photograph of the model is 
presented as figure 5* Figure I 4 . is a photograph of the 
model, with flaps dovm and a geometric dihedral of - 15 ° > 
flying in the test section of the tunnel. Although the 
model used in the tests v/as not a scale model of any 
particular airplane, it approximately represented a 

--scale model of any conventional fighter airplane. 

The model was equipped with a duplex flap arrange- 
ment in order to obtain high lift coefficients. These 
flaps consisted of a Ij-O-percent-chord double slotted 
flap located Inboard over I|.0 percent of the semispan and 
a 20 -percent-chord balanced split flap located outboard 
over 42 percent of the semispan. The front and rear 
parts of the double slotted flap were deflected 50 ° 

70 °, respectively, with respect to the wing chord line. 
The balanced split flap was deflected I 4 .OO with its 
leading edge located O.O 5 wing chord below the lower 
surface of the wing and 0.10 wing chord ahead of the 
trailing edge of the wing. 

Aa previously mentioned, the effective dihedral was 
changed by altering the geometric dihedral angle of the 
wing, as indicated in figure 2. Pour geometrically 
similar vertical tails and two end-plate vertical tails 
were used on the model to produce changes in directional 
stability. 
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The relative-density factor and radii of gyration 
for the model varied d'oring the test program between the 
following limits : 

,, 8.10 to 8.92 

ic^/b 0.l6l to O.lol 

1 ^^/^ 0. 21^.1 to 0.290 


The data presented in references Ii, 5^ indicate 

that changes in weight and moment of inertia^ of the 
magnitude involved in the present investigation would 
make no pronounced difference in the stability or flying 
characteristics of the model. 


TESTS 

Scope of Tests 


Plight tests of the model were made with the combi- 
nations of dihedral angle and vertical-tall area and at 
the lift coefficient shown in table I. ^Ths values of 
Cl and On corresponding to the various configura- 

tions tested are shown in figures 5 ^^d 6. These daba 
show that the tests covered a range of from O.OO 52 

to -O.OOI 1.2 (- 16 ° to 21° effective dihedral) and a range 
of Cn from 0 to O.OO 66 . This range is considered 

representative of present limits for airplanes as shown 
by the data given in figure 7* These d.ata show that 
three high-pov;ered airplanes over their speed ranges fall 
within the range of values covered by the present tests, 
except at extremely high lift coefficients. 


Testing Procedure 

The model v;as flovm at each test condition by means 
of ailerons alone and ailerons coupled with rudder. ^The 
rudder travels used were selected by visual observation 
of flight tests as the am.ount necessary to eliminate the 
yawing^due to aileron deflection and rolling. For tests 
in which the rudder control v/as crossed (lefu rudder 
applied with right aileron and right rudder applied with 
left aileron), the rudder travel used v;as the same as 
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that used for coo'^dinated rudder and aileron control at 
the same test condition. For the tail-off condition the 
ailerons were rigged up 12'^ in order to eliminate the 
adverse due to aileron deflection. The stability 

and general flying characteristics of the model were 
noted by the pilot from visual observation and each 
test conditicn was assigned graduated ratings for spiral 
stability, osciliatorv stability, and general flight 
behavior. Motion-picture records for later study w^ere 
made to supplement tho pilot's observations. 

The spiral stability of the model v'as determined by 
the pilot from the rate at which the model, with controls 
fixed, sideslipped and rcllea from level flight. Ai 
increasing rate of rolling and inward sideslip was judged 
as spiral instability. 

The general rscillatory’--stabil ity characteristics 
were judged by the pilot from tne damping of the lateral 
oscillations of the model after a disturbance. A model 
could never be allowed to fly with controls fixed for 
sufficient time to allow' measurement of the period and 
damping from the motion-picture records. 

The general f lignt-behavior ratings are based on the 
over-all flying characteristics of the model. The ratings 
indicate^ the ease v/ith which the model can be flown, both 
for straight and level flight atid for performance of the 
mild maneuvers possible in the Langley free-fllght tunnel. 
Any abnormal characteristics of the model are generally 
judged as unsatisfactory general flight behavior, inas- 
much as they are disconcerting to the free-f light- tunnel 
pilots. In effect, then, the general flight-behavior 
ratings are much the same as the pilot's opinion of an 
air’Plane and indicate whetner stability and controlla- 
bility^ are properly proportioned. 


CiiLCUI.ATIONS 


Boundaries for neutral spiral stability (S - 0), 
neutral oscillatory stability (R = 0), and" neutral 
directional stability (D = 0) were calculated over the 
test range by means of the stability equatl'^ns of ref- 
erence 6 and are shown in figures 8 to 12. 
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Lines of constant damping of the spiral mode were 
also calculated for the model by determining the root of 
the stability quartic that would give the desired 

value of damping bj the following formula (reference 6): 


T 


and determining various values of 



and 


would give this root a by substitution of 
the stability quartic. The calculated lines 
damping are shown in figures 8 to 12. 


that 

the root in 
of constant 


Lines of constant period and damping of the oscil- 
latory mode 'were calculated from the following approxi- 
mate relations given in reference 6: 


P 


2ttt 

V67i 


and 


-O.699T 

1 /C _ _D_ _ E \ 

2 \B D/ 


The calculated lines of constant period and damping of 
the lateral oscillation are shovm in figures 8 to 12. 


tive 


Values of 
Cy^ and 


the statlc-lateral-stablllty deriva- 

the variation of Cvr with 

-(3 np 


used in 


the calculations were determined from force tests of the 
model. As was previously mentioned, the values of the 
robary derivative Cn^, were obtained from free -oscillation 
tests of the model by the method described in reference 9* 
The other rotary derivatives ^l-g> > and were 

estimated fromi the charts of reference 11 and the formulas 
of reference 12. The values of the mass characteristics ra, 
ky, and were measured for the model. Values of the 

stability derivatives used in the calculations are given 
in table II. 
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RESULTS AND DISCUSSION 


The variations of ef f ective-dihadral parameter Ci^ 
and directional-stab i-lity parameter Cn^ were obtained 

in the present Investigation by changing the geometric 
dihedral angle and the verticai-tail area. Plying char- 
acteristics, however, depend on the values of the sta- 
bility derivatives, not on the method by which they are 
obtained; hence, the flying characteristics of the model 
may be applied to conditions in which changes in the 
stability derivatives were obtained by some other means, 
such as power. 


The principal results of the present investigation 
are given in figures 8 to llj. In the form of ratings of 
the general flight behavior of the model. All flight 
ratings not in parentheses were obtained with a total 
aileron deflection of those in parentheses were 

obtained with a total aileron deflection of 50 ° • The 
maximum values of pb/2V corresponding to aileron deflec- 
tions of 30 ° Sind 50 *^ were determined to be about O.O 8 
and 0.12, respectively, from roll-offs at a geometric 
dihedral angle of 0°, v/ith the vertical tall having 

St 

— = O.IS and v;itli coordinated rudder. These values of 
3 

pb/2V were approximately constant over the range of 
lift coefficient covered, in the tests. 


The results of the tests are believed to be directly 
applicable to airplanes having moderate v;ing loadings 
(approx. 55 Ih/sq ft or less) and rolling and yawing 
radii of gyration not exceeding 0.2 and O .5 of the wing 
span, respectively. 


Spiral Stability 

In general, the tests showed that reducing the 
effective dihedral or increasing the lift coefficient 
caused a reduction in spiral stability. The changes in 
spiral stability over most of the range tested were 
slight, althoiigh the spiral divergences were rapid enough 
at large negative effective dihedral angles -0.002 

and high lift coefficients > l.Oj to be considered 

dangerous . ^ ^ 
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These results are In qualitative agreement with the 
calculated spiral-stability characteristics of the model 
presented in figures 8 to 12 as lines of constant damping 
rif the spiral mode. These theoretical results, like 
the test results, show that reducing the effective- 
dihedral parameter increasing the lift coeffi- 


cient caused an increase in the time for the spiral mode 
to damp to one-half amplitude or a decrease in the time 
to increase to double amplitude over the range of condi- 
tions tested. Similarly, the theoretical and experi- 
mental results show that increasing the directional- 
stability parameter Cnp caused a slight reduction in 

spiral stability for positive effective dihedral angles 
and a slight Increase in spiral stability for negative 
effective dihedral angles v/lth verj little effect of 
varying the directional stability for effective dihedral 
angles near zero. 


No quantitative check of theory with tests could be 
obtained Inasmuch as a spiral divergence could not be 
allov\fed to develop far enough in the confines of the 
tunnel to permit measurement of the rate of spiral con- 
vergence. A reasonably good check of the calculated 
spiral-stability boundary (E = 0) was obtained, how- 
ever, -when the nature of flight in the free-flight tunnel 
is considered. Very low rates of spiral stability cannot 
be detected in the tunnel because the model cannot be 
aJlov/ed to fly without application of controls in the 
rather gusty air of the tunnel for sufficient time to 
allow low rates of spiral divergence to be detected. 


Oscillatory Stability 

Accurate quantitative measurements of the damping 
could not be obtained for all conditions. The results 
are therefore presented in the form of qualitative ratings 
for damping at each test condition. The approximate 
quantitative equivalents of these ratings are: 
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Rating 

Qualitative rating 

Approximate quantitative 
equivalent 

A 

Stable 

Damps to one -half amplitude 
in less than 2 cycles 

B 

Slightly stable 

Daxnps to one -half amplitude 
in more than 2 cycles 

C 

Neutral 

Zero damping 

D 

Slightly unstable 

Builds up to double amplitude 
in more than 1 cycle 

S 

Dangerously 

unstable 

Builds up to double amplitude 
in less than 1 cycle 


The ratings in figures 8 to 12 show that, although 
Increasing the lift coefficient reduced the oscillatory 
stability for virtually all model configurations having 
positive effective dihedral, the magnitude of the reduc- 
tion varied for the different combinations of effective 
dihedral and directional stability. In general, the 
effects of lift coefficient on the oscillatory damping 
were more pronounced with high effective dihedral and 
low directional stability. This variation in the magni- 
tude of lift-coefficient effects was in good agreement 
with the variation shown by the shifting of the theo- 
retical oscillatory-stability boundaries and lines of 
constant damping shown in figures 8 to 12. 

A comparison of the theoretxcal oscillatory-stability 
boundaries (R = 0, t =°°) in X“lgures 8 to 12 with the 
ratings for damping of the oscillation obtained in flight 
tests of the model indicates good agreement between 
theoretical and test results for the part of the boundary 
within the positive dihedral range. Detection of a 
lateral oscillation is difficult when the spiral insta- 
bility is great. Apparently, however, the part of the 
oscillatory-stability boundary within the negative dihe- 
dral range had no significance or was in error Inasm.uch 
as no lateral oscillation could be detected at test con- 
ditions near the boundary. 
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Lateral Control 

Increasing the effective dihedral caused a reduc- 
tion in the effectiveness of the ailerons for roll-offs 
from a zero-bank condition and an increase in the effec- 
tiveness of the ailerons for recoveries because of the 
sideslips involved in these maneuvers when the controls 
were coordinated in a normal manner. No measurements of 
this effect of dihedral on rolling velocity were made 

but the pilot's comments indicated that recoveries were 
more rapid than roll-offs at large positive effective 
dihedral angles, whereas the roll-offs were much more 
rapid than recoveries at all negative effective dihedral 
angles. Roll-offs and recot^eries appeared to be equally 
rapid at small or moderate positive effective dihedral 
angles. The over-all effect of dihedral on lateral con- 
trol v/as adverse Inasmuch as the slow recoveries at the 
negative dihedral angles v;ere objectionable v/hen the 
pilot attempted to prevent the model from falling off 
into a spiral and the slo'w roll-offs at high positive 
dihedral were objectionable for maneuvering. 

Use of only ailerons for lateral control caused the 
flying characteristics at large positive dihedral angles 
to become worse as may be seen from a comparison of the 
general flight-behavior ratings of figures 15 and liq with 
those of figures 8 to 12. The adverse yawing in aileron 
rolls caused an appreciable reduction in the rolling 
velocities in roll-offs, Vifhich the pilots considered 
objectionable. At negative effective dihedral angles, 
however, use of ailerons alone caused the rolling 
velocities in recoveries to be slightly more rapid than 
if both ailerons and rudder were used. Much of this 
favorable effect of adverse yawing was lost, how/ever. 
Inasmuch as the pilots considered the yawing motion 
objectionable. The differences between the rolling 
response of the model when controlled by ailerons alone 
or by ailerons and rudder were, of course. Increased at 
higher values of lift coefficient, which caused an Increase 
in the adverse yawing. The effect of use of ailerons 
alone for control with flaps deflected might be expected 
to be greater for most airplanes than was indicated by 
the present tests inasmuch es the ailerons used on the 
model give less adverse yawing moment than the types of 
aileron generally used on full-scale airplanes. 

Control by means of rudder alone was generally 
fairly good for test configurations having an effective 
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dihedral angle 


greater 


When 


than 10° ('--ip > 0-002^ 

the effective dihedral angle was less than 10^ but 
greater than 0°, It was possible to pick up a low wing 
by means of rudder alone although control by rudder alone 
v/as not satisfactory. 


General Plight Behavior 

The results of the tests are best summarized by the 
general flight-behavior ratings. Spiral stability, 
oscillatory staoility, and controllability are all con- 
sidered desirable but a proper balance of these factors, 
with consideration of their relative importance, is 
necessary to give satisfactory flying characteristics. 
The general flight-behavior ratings, for which the over- 
all flying characteristics have been considered, are 
therefore thought to be the most significant results of 
the tests. 


Effect of dihedral .- The general effect of variations 
of effective dihedral on the general flight behavior is 
evident from the ratings of figures 8 to ill. Increasing 
or decreasing the effective dihedral from a moderate 


jp = 0 to 0.001^ 


caused the general 


positive value (-C 

\ 

flight behavior to become worse, particularly when the 
directional stability was low^. The causes of the unde- 
sirable general flight behavior in both the positive and 
negative effective dihedral ranges were quite different. 


The oscillatory stability seemed to be the predomi- 
nant factor affecting the general flight behavior within 
the range of positive effective dihedral. This conclu- 
sion is fairly well borne out by the general flight- 
behavior ratings of figures 8 to ll).. These ratings show 
that the boundary regions of good, fair, or poor general 
flight behavior are roughly similar in shape to the 
oscillator 3 '’-stability boundary and lines of constant 
damping of the oscillatory mode, whereas these ratings 
in the spirally unstable regions show no pronounced 
adverse effect of spiral instability for positive 
effective-dihedral regions. 


Oscillatorily unstable configurations were generally 
considered to have poor general fligiit behavior although 
the m:Odel was never so oscillatorily unstable as to be 
unflyable Vvfhen the directional stability was positive. 


NACA TIT No. IO9I1. 


15 


The oscillatory-stability charactoristics, however, 
were not the only factors ai’fecting the general flight 
behavior in the positive effective-dihedral rogion. 
Increasing the ex'fective dihedral aiigle caused the flyln 
characteristics to becorie v;orse because of the abrupt 
rollixig and lateral oscillations that followed each gust 
disturbance in the normally rough air of the tunnel and 
because of the adverse effects of higli dihedral angles 
on the lateral control. The rolling oscillations 
resulting from gusts v/ere particularly objectionable at 
higii airspeeds, v:hereas the control characteristics were 
the more predominant cause of the pool’ flyin^^ character- 


istics at low speeds. 


The rate of spiral divergence for the test condi- 
tions at v/hich tho model had. positive effective dihedral 
was observed to be small for the range of lift coeffi- 
cient covered in the present investigation, and the 
controls-f ixed lateral motion was characterized by a 
slov/ gentle roll-off and sideslip the steady state. 

The divergence co\:ld be controlled readily by occasional 
application of a total aileron deflection of 50° • Under 
these conditions, the model was as easy to fly as if it 
had been spirally stable and because of the gusty air in 
the tunnel did not seem to requii’C more frequent control 
than if it had been sli.ghtly spirally stable. 


IVlthin the negative effective -dihedral range, how- 
ever, the spiral stabilit;/ was the predominant factor 
affecting the general flight behavior, and the effects of 
the oscillatory stability were hardly discernible. 


At small values of negative effective dihedral, 
flight characteristics were not much v;orse than those 
at small values of positive effective dihedral and the 
slow spiral divergences v;ere readily controlled by appli- 
cation of the aileron and rudder controls. The rate of 
spiral divergence, however, was found to become increas- 
ingly," rapid with negati'/e effective dihedral until, at 
an effective dihedral of about - 15 °> the divergence \?as 
ciuite violent for lift coefficients of 1,C and over, iiS 
in the case of small positive effective dihedral, tho 
motions v;Grs characterized by a roll-off and sideslip 
from steady flight, I\s the negative offeebive dihedral 
was increased, the rate of spiral divergence increased 
until, for the largest negative dihedral angles, the 
motion appeared to ba as rapid as a fast aileron roll. 
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The controls had to be applied almost immediately after 
the divergence vi/as noticed because, when there was only 
a slight lag in the application of corrective control 
following a disturbance, the unstable moments resulting 
from spiral instability became sufficiently large to 
overpower the moments of the controls so that return to 
straight flight was impossible. 

It was generally found impossible to fly the model 
With negative effective dihedral angles greater than 
about -10° ( - -0.002^ with a total aileron deflec- 
tion of 50 *^ • The rate of spiral divergence apparently 
had become great enough by the time the pilot applied 
opposite control to make recovery impossible. Aileron 
application retarded but did not stop the divergence. 

In order to obtain data for the whole test range, 
the total aileron deflection was increased from. 50 ° to 
50 ° for almost all test conditions for which 

< -0.002. It was therefore possible to control the 

spiral divergence over the complete range of negative 
dihedral angle, flight was difficult, however, when 
“Ojp < -0.002, because constant attention to the con- 
trols was required. 

The largest negative effective dihedral angles 
~ -0.005 j seemed to be the miaximum for which the 

model could be flown with a total aileron deflection 
of 50 °, inasmuch as even slight delays in applying 
lateral control allowed the model to continue to diverge. 
Many crashes, therefore, occurred during the tests at 
values of of about -O.OO 3 . 

The model was found to be unflyable at low lift 
coefficients ~ 0*5 j with large negjative effective 

dihedral angles and low'^dlrectlonal stability. Such a 
condition is probably only of academic interest lnas-» 
much as theory indicates that the spiral instability is 
not so great as for some conditions at which the model 
has been flovm at higher lift coefficients', however, the 
cause of the bad flying characteristics seems to be 
worth mentioning. The tests agreed with theory in that 
the spiral Instability was not so great at low lift 
coefficients as at higher lift coefficients. The yaw 
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of the model due to gust disturbances appeared to be the 
cause of the trouble. V<hen the model yawed around due 
to a gust disturbance the leading wing dropped very 
rapidly, because of the high airspeed, and the roll had 
developed so far by the time the controls were applied 
that no recovery was possible. 

-The general flight-behavior ratings in figures 8 
to 12 vjere given when the rudder was coordinated v/lth 
the ailerons in the normal manner (right rudder with 
right ailer-^n). The flight tests, ho';vever, showed that 
when the ailerons alone were used or even when the rudder 
control was crossed the flying characteristics of the 
model were im.proved throughout the negative dihedral 
range and the model was slightly easier to fly. This 
improvement evidently occurred because the sideslip 
resulting from adverse yawing opposed the inward angle 
of sideslip caused by the spiral divergence and, in spite 
of the adverse effect of roiling due to yawing, reduced 
the rolling divergence. This reduction of inward side- 
slip Improved the response to the controls. The large 
amplitude of the yawing motions caused by crossing the 
rudder control, however, v/as objectionable to the free- 
f 1 Ight-tunnel pilots. Application of opposite rudder 
v/ith ailerons v/ould probably be objectionable to the 
pilot of an airplane because it is an unnatural motion 
and would cause a loss of altitude. In a crucial moment, 
the pilot would probably react by applying coordinated 
rudder and aileron control rather than thinking to apply 
rudder opposite to the ailerons. A pilot miight, however, 
be trained to apply no rudder with aileron control when 
flying an airplane in conditions that are known to give 
negative dihedral effect. Thus improvement in the con- 
trol response for recovery may be obtained. 

The wave-off, take-off, and landing-approach condi- 
tions are believed to be dangerous for airplanes that 
have large negative effective dihedral because, when 
these conditions are encountered, there is only a 
limited altitude in which to apply corrective control. 
Plight with as much negative effective dihedral as v/as 
encountered in the present tests should be possible if 
the airplane ailerons are as powerful as tnose of the 
model tested and careful attention is given to controlling 
the airplane. Flight with greater negative effective 
dihedral angles than were encountered in the present 
tests might be possible inasmuch as the rate of diver- 
gence of the airplane would be -\/W times as fast as 
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that of the model, v.-here N is the scale of the model 
1/10, 1/15, and so forth. No information is available, 
hov/ever, concerning the relative reaction time and the 
t.Lme to deflect the controls for free-flight and airplane 
pilots. Because no correlation has been made of time to 
damp with the boundaries of the region in which flight is 
impossible in the Langley free-flight tunnel, an exten- 
sion of the results to more negative dihedral angles is 
difficult. Inasmuch as the rate of spiral divergence of 
full-scale airplanes is slower than that of the model, 
however, it is believed that the amount of negative effec- 
tive dihedral that would constitute a dangerous condition 
would be greater for airplanes than for the model. 


The results of the tests have been summarized in 
figure 15 as boundaries of the region within which good 
general flight behavior of the model was obtained. These 
results, as shown in figure I5, are believed to be 
directlj!-^ applicable to airplanes having mass character- 
istics similar to the model. This criterion, hov/ever, 
shou 3 .d be modified to take into consideration differences 
in the mass characteristics of airplanes from those of 
the model. The data of references 5 » 4 ^ and 10 m.ay be 
used to Interpret the present data for the effects of 
wing loading, altitude, and mass distribution. The 
results of the present tests may be applied directly to 
airplanes having moderate wing loadings and radii of 
gyration to Indicate that the effective dihedral should 
be greater than 0 ^ and that the ratio of to Cr . 

should not exceed l/ 2 . The data of references 5, 4 , 
and 10 considered together v/ith the present data indicate 
that airplanes having high w’ing loadings and/or high 
radii of gyration should have an effective dihedral angle 
greater than 0^ and that the ratio of to 


should not exceed 1/4* 




Effect of directional st ability .- Increasing the 
directional stability improved the general flight behavior 
of the model over the range of dihedral ^angle and lift 
coefficient tested, as shown in figures £ to l4. 

The tests showed that for the range of small posi- 
tive effective dihedral angles, adequate directional 
stability was more desirable than the slightly lower 
rate of spiral divergence associated with lower direc- 
tional stability, because excessive yawing was encountered 
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with low directional stability. The rates of spiral 
divergence within the positive effective dihedral range 
were, as previously discussed, quite slov< even with a 
high degree of directional stabilxty. 

For higher positive values of effective dihedral, 
at which the oscillatory stability is an important 
factor affecting the general flight behavior, increasing 
the directional stability caused a great improvement in 
the general flight behavior by increasing the oscillatory 
stability as well as reducing the rolling and yawing due 
to gusts and improving the control characteristics as was 
previously discussed. The detrimental effect on general 
flight behavior of the slight decrease in spiral stability 
with increasing directional stability was thus heavily 
overbalanced by the improvement of the oscillatory char- 
acteristics and lateral control. 


'Mien the effective dihedral was negative, increasing 
the directional stability caused a slight reduction in 
the spiral Instability as well as a reduction in the 
yawing due to gusts and aileron control and resulted in 
an improvement in the general flight behavior. 


The motions of the model vt'ith tails off, geometric 
dihedral angle of -20°, and at lift coefficients of l.i; 
and 1.8 appeared to be directional divergences. Imme- 
diately after taking off, the model commenced a diver- 
gence in yaw that was followed by rolling in the opposite 
direction caused by the negative dihedral. No other 
indications of directional divergence were observed in 
the, tests with tails off although several tests v/ere 
made at values of Cj and that were below the 


directional divergence 


boundary. 


The minimum values of the directional-stability 
parameter Cn^ required to obtain good general flight 

characteristics are shown in figure 15 for the range of 
values of lift coefficient and effective-dihedral 
parameter covered in the present tests. If an airplane 
has the optimum value of effective dihedral and can 
attain a maximum lift coefficient of about 1.6, and if 
the critical control condition is considered to be con- 
trol by ailerons alone, figure I 5 shows that a value of 
^ 0.002 is required to obtain good general flight 

behavior . 
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Effect of lift coefficient .- Figure l6 was prepared 
by Interpolation xrom figures"8 to 12 to show the effects 
of lift coefficient on the general flight behavior inas- 
much as the effect of lift coefficient was slight and 
could not readily be ascertained from an inspection of 
the separate figures. Figure l6 shows that increasing 
the lift coefficient caused the general flight behavior 
of the model to become slightly worse for the range of 
effective dihedral angle presented except for the con- 
dition of negative effective dihedral and lov/ directional 
stability, which has previously been discussed. The 
effect of lift coefficient was slightly greater at low 

values of the directional-stability parameter 0^^. • The 

P 

detrimental effect of increasing the lift coefficient 
was greater when the ailerons were used as the sole m.eans 
of control, as may be determined from figures 15 to l6, 
because of the increase in adverse yawing due to rolling 
and ailerons at the higher lift coefficients. 


CONCLUSIONS 


Tests were made in the Langley free-fllght tunnel to 
determine the effects of effective dihedral, vertical- tail 
area, and lift coefficient on the lateral stability and 
control and general flying characteristics of a free- 
flying dynamic model. The follov\^ing conclusions are 
believed to be directly applicable to airplanes having 
moderate wing loadings (approx. 35 Ib/sq ft or less) and 
rolling and yawing radii of gyration not exceeding 0.2 
and 0,3 of the wing span, respectively; 


1. In order to obtain the best flying character- 
istics over the range of lift coefficient tested the 
following conditions should be satisfied: 


(a) The effective dihedral parameter Cj^, should 


be positive 




(b) The directional-stability parameter 
be greater than 0.002. 



should 


(c) The ratio 



should be less than 1/2. 
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These crit'erions are believed to be applicable to air- 
planes having mass characteristics similar to those of 
the model tested. 


2 , The model was found to be flyable over the range 
of positive effective dihedral angle tested, provided it 
was directionally stable. As the effective dihedral was 
increased from an optimum value of approximately 2®, 
however, the flying characteristics beccime worse and 
more critically dependent upon the use of the correct 
amount of rudder control in conjunction with the ailerons. 
At high speeds the use of large rudder travels caused 
unnaturally rapid rolling, and at low speeds the use of 
too little rudder caused serious adverse yawing with 
accompanying reduction in rolling. 


5. The model was found to be flyable for effective 
dihedral angles as lo'W as -15° for lift coefficients of 
1.0 or greater. As the effective dihedral was decreased 
from 0 ° to -15° ^ however, the model became increasingly 
difficult to fly. With an effective dihedral of - 15 ° 
(^-Cjp < 0.003^ the flying characteristics were considered 

to be dangerous because when there was only a slight lag 
in the application of corrective control following a 
disturbance, the unstable moments resulting from spiral 
instaoillty became sufficiently large to overpower the 
moments of the controls so that return to straight flight 
was impossible. Inasmuch as full-scale airplanes because 
of their greater size will diverge at a slower rate than 
f ree-flight-tunnel models, the sanount of negative effec- 
tive dihedral that would constitute a dangerous condi- 
tion is expected to be greater for full-scale airplanes. 

I4.. Increasing the directional stability improved 
the general i light behavior over the entire dihedral 
range in spite of reduction in spiral stability with 
Increasing directional stability within the positive 
effective dihedral range. 


5 « Increasing 
detrimental effect 
ticularly when the 


the lift coefficient had a slightly 
on the general flight behavior, par- 
ailerons were used as the sole lateral 
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control because the adverse yawing due to rolling and 
ailerons was increased by an increase in lift coefficient. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., January 18, 
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Fig. 1 



F/gt/re /. -Sys/em of s/aS/Z/^y axes. Arro^vs ind/- 
ca-he pos/Zi\i^e d/racZions of mo/nen^s ^ forces j and 
coni-roZ - surface clef Zec^/ons . 


Fig. 2 
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F/gure.2.- Threi^-view sketch of mode! tested /n Langtejr 
free- Flight tunnet sho^^/lng range of d/hedrat odjustment 
and alternate vertical- tail arrangements. 



Figure 3,- Three-quarter front view of the variable-dihedral 
model with vertical tails 30 percent of wing area. 

Flaps down. 
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Fig . 4 
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Figure 4. 


Variable-dihedral model flying in the Langley 
free-flight tunnel with -15° dihedral. 
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Fig. 5a, b 
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Figure S — Valuer of C)^ and -for the model with /arms 
combinations of dihedral angle and /ertical-ia/l area. Flaps up. 


Directional-stabil/ty para/neter , Cy, ^ per deg 


Fig. 6a -c 
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Figure 6 — Values of and for the mode! with various 
combinations of dihedral angle and vertical-tail area.Flapsdown. 
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Figure 7 Values of Ci^and for three modern high-powered airplanes 

as compared with the range tested* 
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Directional-Stability parameter ^ Cn, per deg 


Fig. 8 
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Lines of constant 
damping of the 
spiral mode and 
spiral-stability 
ratings 

A Stable 
B Slightly stable 
C Neutral 
D Slightly unstable 
£ Dangerously unstable 


Lines of constant 
period and damping 
of the oscillatory mode 
and 

oscillatory-stability 

ratings 

A Stable 
B Slightly stable 
C Heutra! 

D Slightly unstable 
£ Dangerously unstable 


Stability boundaries 
and 

general fhght-behanor 
ratings 

A Good 
B Fair 
C Poor 

P Flight impossible 
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Figure 8 — Stability and general fhght-behavior ratings for the 
mode/. Contro/ by aderons and rudder i flaps up ; C^yO. S- 
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Fig. 9 



Lines of constant 
damping of the 
spiral mode and 
spiral-stabilit)/ 
ratings 

A Stable 
B Slightly stable 
C Neutral 
D Slightly unstable 
B Dangerously unstable 


Lines of constant 
per/odand damping 
of the oscillatory mode 
and 

oscillatory-stability 

ratings 

Stable 

B Slightly stable 
C Neutral 
D Slightly unstable 
£ Dangerously unstable 


Stability boundaries 
and 

genera! flight-behavior 
ratings 

A Good 
B Fair 
C Poor 

D Flight impossible 
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Figure 9 Stability and general flight- behavior ratmgs for the 
model. Control by ai/erons and rudder; flaps up;, Cy=I.O. 
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Directiona/staMity parameter, , per deg 


Fig. 10 
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Lines of constant 
damping of the 
spiral mode and 
spiral-otability 
ratings 

A Stable 
B. Slightly stable 
C Neutral 
D Slightly unstable 
E Dangerously unstable 
( ) Total aileron travel 
/ncreasedt 30° to 60° 

Lines of constant 
period and damping 
of the oscillatory mode 
and 

oscillatory-stability 
ratings 

A Stable 
B Slightly stable 
C Neutral 
D Slightly unstable 
E Dangerously unstable ■ 

( ) Total aderon irauei 
increased, 30° to 60° 


Stability boundaries 
and 

genera) fhght-hehav/or 
ratings 

A 6ood 
B Fair 
C Poor 

D Flight impossible 

{ ) Total aileron travel 
increased, 30° to 60° 
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Effective-dihedral parameter, ~Ci^ ^ per deg 


Figure 10 Stability and general flight- behavior ratings for the 
mode/. Control by dilerons and rudder- flaps do irn; Cl=I.O. 


Directional -stability parameter ^ Cy, per deg 
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Fig. 11 


Lines of constant 
damping of the 
spiral mode and 
spiral-stability 
ratings 

A Stable 
B Slightly stable 
C Neutral 
D Slightly unstable 
E Dangerously unstable 
( ) Total ailei~onira\/e/ 
increaseclj 3<f 

Lines of constant 
period and damping 
of the oscillatory mode 
and 

oscillatory-stability 
ratings 

A Stable 
B Slightly stable 
C Neutral 
D Slightly unstable 
E Dangerously unstable 
() Total oilerontra^l 
/ncreasedj 30°to l>0° 


Stability boundaries 
and 

general fliiyit-behavior 
ratings 

A Good 
B Fair 
C Poor 

D Flight impossible 

{ ) Total aileron traye! 
increased^ to 6d 
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Effective-dihedral parameter^ per deg 


Figure H Stability and general flight- behavior ratings for the 
model. Control by ailerons and rudder; fidps down; Ci=!.4 ■ 
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Effective-dihedral parameter^ -Cip^ per deg 

Figure IZ — Stability and genera/ flight-behavior ratings for the 
model. Contra! by ailerons ai/7d rudder^ flaps down;, €^.=1,8. 
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Fig. 13 
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Effective-dihedral parameter^ -C(^ ^ per deg 


Figure 13 . — General flight -behavior ratings for the model. 
Control by ailerons alone; flaps up. 


Fig. 14 


NACA TN No. 1094 


.008 

W6 

.004 

DOF 

0 

^ .006 
tkfooe 
.004 

1 

^ .002 
i 

.0 

1 .008 
'i^ 

^ ' 
.006 

.004 

.002 


















j 





X.8. 







M 

^A 

'/I 







Cx 





B^ 








p 

B- 


A 








C 

c* 

r* 

~B 

A- 

B 
1 _ 






C 

D 


5 

B- 


< 

B--1 

L 






u 


c-^ 


B- 

c \ 

r- 

g 































B 

b^a- 

A- 



lfC,=l.4. 








/n ^ 







B 

- R 





B* 








/ 

i 

i' 










> R 

3 

A- 

A 

B 








D 

* B- 

B* 


C 


r 






u 

C 

C 

B- 

1 

o 

g 












U 



















B 

A- 

A- 



pCFl.O. 








> 

^ A 

A ' 
A 






S-i 




/n 

1 

A 

\- 






^ A- 

/I- 

A 








c 

B 


1 

A 1 








c 

B- 

-B-j 
® £ 

'*1 

l!j 

-B- 

B 

B- 





p 

C 

Lj 


Oc> 
* + 

c 

ft 


-006 -.004 -.002 0 .002 ^ .00 


Effective-dihedral parameter^ -Cj^ ^ per deg 


General flight-behavior 
ratings 

A Good 
B Fair 
C Poor 

D Flight impossible 


NATIONAL ADVISORY 
COMMITTEE FOft AERONAUTICS 


Figure 14.— General flight-behavior ratings for the model. Control 

by ailerons alone ; flaps down. 
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Fig. 15a, b 
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Figure IS . — Region of good generoil flight behavior as 
determined by tests of a model m the iangley free- 

fhght tunnel . 
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Oenera! flight- behavior ratings 

A Good 
B Fair 
C Poor 

D Flight impossible 



Figure 16 - Effect of hft coefficienton genera! flight behavior 
Ailerons and rudder used for control 


